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Summary
Objective: To characterize the rabbit anterior cruciate ligament transection (ACLT) model of osteoarthritis (OA) at various stages of disease
using high-resolution 3-D medical imaging systems, which, in turn, will facilitate future longitudinal studies evaluating disease progression and
response to therapy in live animals.
Methods: Degenerative changes in femorotibial cartilage, volumetric bone mineral density (vBMD), bone volume fraction (BV/TV), and
osteophyte volume were characterized ex vivo using 4-T magnetic resonance imaging (MRI) and micro-computed tomography (micro-CT) at
4, 8, and 12 weeks post-ACLT. These changes were subsequently correlated to macroscopic joint evaluation.
Results: Macroscopic assessment demonstrated progressive cartilage degeneration post-surgery, which was signiﬁcantly correlated to MRI
evaluation (rZ 0.82, P! 0.0001). Linear regression analysis indicated that vBMD and BV/TV are linearly related such that as vBMD
increases, BV/TV increases (P! 0.0001). Micro-CT revealed bone loss at 4 and 8 weeks post-ACLT, but recovery to control values at 12
weeks post-ACLT. Volumetric BMD was not strongly correlated with macroscopic assessment of articular cartilage degeneration (rZ0.35,
P! 0.0001). Quantitative measurement of osteophyte volume demonstrated a statistically signiﬁcant difference (with respect to control
groups) at both 8 and 12 weeks post-ACLT, but not at 4 weeks post-ACLT.
Conclusions: The rabbit ACLT model of OA demonstrates progressive cartilage degeneration and intermediate bone changes at 4, 8, and 12
weeks post-surgery. Cartilage and bone lesions were characterized ex vivo using 4-T MRI and micro-CT, and MRI assessment of cartilage
degeneration was correlated to macroscopic grading.
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Animal models of osteoarthritis (OA) are essential for both
understanding the disease, which involves degeneration of
articular cartilage, subchondral bone, and synovium1e3, and
the development of therapeutic interventions4. Anterior
cruciate ligament transection (ACLT) is a common method
used in various animal species5e8 to surgically induce
degenerative joint lesions, which resemble those observed
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Received 2 March 2004; revision accepted 26 August 2004.98in post-traumatic OA9,10. Although ACLT was initially de-
veloped11 and subsequently characterized in the dog12e14, it
has now become a well-established technique in the
rabbit15,16, and is known for the reproducibility of the disease.
ACLT in the rabbit induces osteoarthritic degeneration as
evidenced by a gradual and progressive change in the
morphology, histopathology, and biochemistry of articular
cartilage and subchondral bone in the operated knee15e21.
Previous studies have used both macroscopic and
histologic techniques to assess the extent of cartilage
degeneration and, accordingly, characterize the rabbit
ACLT model of OA at these levels12,15. Macroscopic
evaluation using India ink staining provides a complete
morphological view of cartilage deterioration over the whole
joint surface22, while histological techniques provide a mi-
croscopic assessment of cartilage and bone degeneration
in localized areas. Although such evaluations are advan-
tageous, they currently only provide qualitative or
semi-quantitative information. In addition, macroscopic6
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be completed after the animal has been sacriﬁced. This
results in increased cost and precludes longitudinal or serial
examinations in the same animal.
It is now highly feasible to use non-invasive imaging
techniques to study animal models of OA. High-resolution
magnetic resonance imaging (MRI) has been demonstrated
to be sensitive to changes in cartilage integrity in the
rabbit23e26, guinea pig27, and rat28e30. In addition, dual-
energy X-ray absorptiometry31, quantitative computed
tomography32, and micro-computed tomography (micro-
CT)23,33e35 have been successfully implemented in rabbit
and canine models of OA to detect changes in subchondral
bone.
The purpose of this study was to perform a comprehen-
sive ex vivo characterization of a rabbit ACLT model of OA
using high-resolution, non-invasive 3-D imaging techni-
ques. It is hypothesized that the rabbit ACLT model of OA
will demonstrate measurable, progressive changes in
cartilage integrity, subchondral bone mineral density, bone
volume fraction (BV/TV), and osteophyte volume at 4, 8,
and 12 weeks post-surgery. We propose that combined 4-T
MRI and micro-CT are capable of characterizing these
degenerative changes, and that these changes will corre-
late with macroscopic grading. The development of an
image-based model of OA in the rabbit ACLT femorotibial
joint will be of great use during future in vivo investigations
to determine a response to therapy and assess the
beneﬁt of such interventions before they proceed to clinical
trials.
Materials and methods
Thirty-ﬁve adult New Zealand White (NZW) male rabbits
(approximately 2.5 years old) weighing 4.6G 0.4 kg
(meanGS.D.) were used in this study. Closed epiphyses
and absence of joint pathology were conﬁrmed by X-ray
prior to entry into the study. ACLT was performed in the left
knee of 24 rabbits, while the remaining 11 rabbits
represented an age-matched control series comprising
normal unoperated left knees.
SURGICAL PROCEDURE
All procedures were approved by the Institutional Animal
Care Committee of the Faculte´ de me´decine ve´te´rinaire,
Universite´ de Montre´al. Speciﬁc details of the surgical
preparation have been previously described23. Brieﬂy,
under general anaesthesia and sterile conditions, the left
ACL was exposed and sectioned through a medial para-
patellar incision (between the medial collateral ligament and
the patellar ligament). The incision was sutured in a routine
fashion. Post-operatively, all animals were permitted free
cage activity without joint immobilization, and they were
closely monitored for infections or other post-operative
complications.
Operated animals were euthanized at 4 weeks (NZ 8), 8
weeks (NZ 8), and 12 weeks (NZ 8) post-ACLT. To
ensure any age-related degeneration did not contribute to
observed changes in the OA group, control animals were
euthanized at both 4 weeks (NZ 5) and 12 weeks (NZ 6).
All animals were euthanized by an injection of euthanyl
(1.5 ml/kg) (Bimeda-MTC, Animal Health Inc., Cambridge,
Ontario) in the lateral auricular vein and the joints were
amputated approximately 3 cm proximal to the femoral
epicondyles and 3 cm distal to the anterior tibial tubercleand placed on ice. Two animals in the 4-week ACLT group
and one animal in the 8-week ACLT group died due to
gastrointestinal illness unrelated to surgery. One rabbit was
excluded from the 12-week control group due to unusual
joint pathology present at post-mortem. Excised specimens
were immediately shipped on ice via courier to London,
Ontario where 4-T MRI and micro-CT scanning systems
were available for comprehensive non-invasive examina-
tion of the femorotibial joint. All imaging evaluations were
completed on fresh tissue at room temperature and within
36 h of the time of death. Samples were kept on ice when
not being examined.
MAGNETIC RESONANCE IMAGING
MR image acquisition
Images were acquired on a 4-T whole-body imaging
system (Varian, Palo Alto, CA; Siemens, Erlangen, Ger-
many) available at the Robarts Research Institute, London,
Ontario. This imaging system is primarily designed for
human studies, but may be adapted for high-resolution
animal investigations with a specially designed radio-
frequency (RF) coil. Accordingly, a custom-built transmit-
receive cylindrical high-pass birdcage RF coil (8 element,
7.5 cm diameter, 7.5 cm length) was used for transmission
and detection of signal.
The MR image acquisition protocol consisted of two
sequences, which have previously been optimized for MR
imaging of the rabbit ACLT model of osteoarthritis23. These
were: (1) 3-D spoiled gradient-recalled echo (SPGR) with
fat suppression, echo time 10 ms, repetition time 50 ms, ﬂip
angle 40(, 31.25 kHz full bandwidth, acquired with
a 256! 256! 512 matrix giving 0.20! 0.20! 0.20 mm3
isotropic voxels, using 1 signal average (20.5 min total
acquisition time) and (2) 2-D fast-spin echo (FSE) with fat
suppression, echo time 25 ms, repetition time 5 s, echo
spacing 25 ms, echo train length 4, 62.5 kHz full bandwidth,
acquired with a 512! 512! 384 matrix giving
0.10! 0.13! 0.80 mm3 voxels, using 2 signal averages
(16 min total acquisition time). All MR images were acquired
sequentially in a sagittal orientation without re-positioning.
MR cartilage grading
MR images were digitally displayed on a monitor using
MicroView 3-D volume viewing and data analysis software
(GE Medical Systems, London, Ontario), which allowed the
observer to pan through each image plane (sagittal,
coronal, transverse), zoom in/out, and adjust image display
contrast. Two blinded radiologists (LT and AS) indepen-
dently graded cartilage lesions using a grading scale
adapted from a macroscopic classiﬁcation system that is
widely used in rabbit ACLT models of OA15 (Table I). The
knee was divided into four compartments (lateral femoral
condyle, LFC; medial femoral condyle, MFC; lateral tibial
plateau, LTP; medial tibial plateau, MTP) and a grade
describing cartilage integrity was assigned to each com-
partment, based upon the single most severe defect
observed on the joint surface.
MICRO-COMPUTED TOMOGRAPHY
Micro-CT image acquisition
Micro-CT images were acquired during a 35-min scan at
90 kVp, using a prototype 3-D micro-CT specimen scanner
988 D. L. Batiste et al.: Imaging cartilage and bone lesionsdeveloped at the Robarts Research Institute in collaboration
with Enhanced Vision Systems Corp., London, Ontario.
During data acquisition, 262 digital X-ray projection views
were obtained at 0.75( intervals around the knee and used
to reconstruct a 2.5! 2.5! 2 cm3 volume of image data
with 0.085 mm isotropic voxels in analog-to-digital units.
Image data was corrected for signal non-uniformity and
calibrated in Hounsﬁeld units using a material of known
cortical BMD (SB3, Gamex RMI, Middleton, WI)36, as
previously described23.
Volumetric BMD and BV/TV
Individual global thresholds were determined for each
3-D data set for the calculation of BV/TV. Grey values were
displayed via histogram and the threshold was deﬁned as
the minimum in the histogram distribution, separating bone
from marrow and soft tissue. The knee was then divided
into four compartments (LFC, MFC, LTP, MTP) and three
cylindrical sample volumes of 1.5 mm diameter were placed
in separate anatomical regions (anterior, central, posterior)
within each compartment. Cylindrical volume depth extend-
ed to the epiphyseal scar, and was 6.5 mm in the femur and
2.5 mm in the tibia. Anterior, central, and posterior region
measurements were averaged to obtain compartmental
means for volumetric bone mineral density (vBMD in
gm cm3) and BV/TV23.
Osteophyte volume
Newly formed osteophytic bone was quantiﬁed for all 31
rabbits under study. Using 3-D data analysis software
(VoxelView, Vital Images, Inc., Plymouth, MN) an operator
identiﬁed and manually outlined osteophytes within every
Table I
MRI and macroscopic grading scale used to assess cartilage
integrity in each of four compartments of the rabbit femorotibial joint
MRI/macro grade Cartilage morphology
1 Intact surface normal in appearance
2 Minimal ﬁbrillation
3 Overt ﬁbrillation, distinguished surface
irregularity, or cracks
4 0 mm! greatest erosion diameter% 2 mm
5 2 mm! greatest erosion diameter% 5 mm
6 5 mm! greatest erosion diametercontiguous coronal image section of the femorotibial joint as
described previously23. The classiﬁcation of osteophytic
bone was based on both the appearance of the underlying
normal bone contour [Fig. 1(a)] and the fact that newly
formed osteophytic regions exhibit reduced BMD [Fig. 1(b)].
This analysis was carried out over the entire superioreinfe-
rior extent of the image volume, which included approxi-
mately 8 mm of the distal femur and 8 mm of the proximal
tibia. For each specimen, the total volume of tissue
classiﬁed as osteophyte was determined in mm3, based
on the known voxel volume.
MACROSCOPIC EVALUATION
Following specimen imaging using 4-T MRI and micro-
CT, the knee was dissected and all femorotibial compart-
ments (LFC, MFC, LTP, MTP) stained with India ink and
examined for gross morphologic changes of the articular
cartilage (SL) as described previously37 (Table I). The
lesions were mapped on a schematic representation of the
rabbit knee, and digitized images were obtained of all the
joint surfaces using a digital D1 Nikon camera (Tokyo,
Japan) in a standard fashion to record observed changes.
STATISTICAL ANALYSIS
Compartmental grades for both MRI and macroscopic
evaluation from the 4-, 8-, and 12-week ACLT groups, and
the 4- and 12-week control groups, were compared using
one factor analysis of variance (ANOVA) and a Tukey’s
HSD multiple comparison post hoc test was used to identify
signiﬁcant differences between pairs of groups. A Spear-
man correlation analysis was performed between MRI and
macroscopic grade for each compartment evaluated.
Linear regression analysis was performed to evaluate the
relation between vBMD and BV/TV. Compartmental meas-
urements of vBMD for the OA and control groups were
compared using one factor ANOVA and a Tukey’s HSD
multiple comparison post hoc test was used to identify
signiﬁcant differences between pairs of groups. A Spear-
man correlation analysis was performed between vBMD
and macroscopic grade for each compartment evaluated.
Total osteophyte volume within the imaged knee for OA and
control groups was compared using a KruskaleWallis test,
and a Dunn’s multiple comparison test was used to identify
signiﬁcant differences between pairs of groups.Fig. 1. Coronal micro-CT slices of a control (a) and ACLT joint demonstrating osteophyte development (b). Note the appearance of normal
bone contour visible in (a), which is also visible underlying the newly formed, reduced density osteophytic bone indicated by arrows in (b).
989Osteoarthritis and Cartilage Vol. 12, No. 12Fig. 2. Macroscopic photos of full-thickness ulceration on the femur (a) and tibia (b). Ulceration indicated by arrows.All statistical tests were performed using GraphPad Prism
version 4.0a for Macintosh, GraphPad Software, San
Diego, California, USA, http://www.graphpad.com. Differ-
ences were taken as signiﬁcant for P! 0.05.
Results
MACROSCOPIC EVALUATION
Anterior cruciate ligaments of all operated animals were
completely transected upon post-mortem examination.
Femorotibial compartments in all control rabbits were
graded as clinically normal (macroscopic grade ! 3), and
there was no signiﬁcant difference between cartilage
grades of the 4- and 12-week control groups (PO 0.05).
At 4 weeks post-ACLT, 29% of compartments demonstrat-
ed cartilage ﬁbrillation (grade 3) and 25% of compartments
had full-thickness ulceration (grade 4e6). At 12 weeks post-
ACLT, cartilage ﬁbrillation was present in 22% of compart-
ments, but full-thickness ulceration had progressed to
include 59% of all compartments. Examples of the full-
thickness ulceration observed on the femur and tibia are
presented in Fig. 2(a) and (b), respectively. A summary of
macroscopic cartilage assessment is presented in Table II.
Note that the medial compartments demonstrated greater
degeneration than the lateral compartments, while the
femur demonstrated slightly greater deterioration than the
tibia. ANOVA indicated that mean compartmental cartilage
grade increased as time post-surgery increased [Table
III(a)]. Tukey’s HSD analysis indicated statistically signiﬁ-
cant cartilage degeneration (with respect to controls) in the
LFC at 8 and 12 weeks post-surgery, while in the MFC,
cartilage deterioration was statistically different at 4, 8, and
12 weeks post-surgery. In the LTP and MTP, cartilage
damage was statistically signiﬁcant at 8 weeks and at 12
weeks post-ACLT when compared to controls.
MRI CARTILAGE GRADE
A summary of cartilage assessment using 4-T MRI is
presented in Table IV. MRI grading of cartilage wassigniﬁcantly correlated to macroscopic evaluation
(rZ 0.82, P! 0.0001). Figure 3 presents both the macro-
scopic and MRI ANOVA for comparative purposes.
Femorotibial compartments in all control rabbits were
graded as clinically normal (MRI grade !3), and there
was no signiﬁcant difference between cartilage grades of
the 4- and 12-week control groups (PO 0.05). ANOVA
indicated that mean compartmental cartilage grade in-
creased as time post-surgery increased [Table III(b)] and
this progressive cartilage damage may be visualized in the
sagittal MRI slices depicted in Fig. 4. Tukey’s HSD analysis
indicated statistically signiﬁcant cartilage degeneration (with
respect to controls) in the LFC at 12 weeks post-ACLT,
while in the MFC, damage was statistically different at 8 and
12 weeks post-ACLT. In the LTP and MTP, cartilage
degeneration was statistically signiﬁcant at 12 weeks post-
ACLT when compared to controls.
MICRO-COMPUTED TOMOGRAPHY
Volumetric BMD
A linear regression analysis was conducted to evaluate
the prediction of BV/TV from vBMD (mg cm3) for all rabbit
specimens. The scatterplot for the two variables, as shown
in Fig. 5, indicates that the two variables are linearly related
such that as vBMD increases so does BV/TV. The
regression equation for predicting BV/TV determined from
Fig. 5 is:
BV=TVZ0:00089

mg1 cm3

vBMDC0:010
As hypothesized, bone with greater vBMD tends to have
greater BV/TV. This slope compares well with the theoret-
ical value of 0.00091, assuming a density of 1100 mg cm3
for pure cortical bone. Approximately 95.6% of the variance
in BV/TV was accounted for by its linear relationship with
vBMD (rZ 0.98, P! 0.0001). Thus, for the purposes of this
study, only vBMD will be considered in further analyses.
Descriptive statistics for vBMD were calculated for the
total sample of 31 rabbits, and are expressed in Table V.Table II
Summary of macroscopic cartilage evaluation (meanG S.E.M.) at 4, 8, and 12 weeks post-ACLT. Control specimens were evaluated at 4 and
12 weeks
Compartment Macroscopic cartilage grade (1e6) in the femorotibial joint
4-Week control (NZ 5) 4-Week ACLT (NZ 6) 8-Week ACLT (NZ 7) 12-Week ACLT (NZ 8) 12-Week control (NZ 5)
LFC 1.0G 0 2.8G 0.7 4.1G 0.7 4.0G 0.6 1.0G 0
MFC 1.0G 0 3.8G 0.7 5.6G 0.3 4.5G 0.6 1.2G 0.2
LTP 1.0G 0 1.7G 0.3 3.6G 0.5 3.9G 0.5 1.2G 0.2
MTP 1.0G 0 2.7G 0.7 3.9G 0.6 4.1G 0.4 1.0G 0
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isted at all time-points evaluated, with the medial femoral
condyle (0.482G 0.013 gm cm3) and medial tibial plateau
(0.530G 0.014 gmcm3) having greater vBMD than
their lateral counterparts (0.445G 0.013 gm cm3,
0.503G 0.014 gmcm3, respectively). There was no sig-
niﬁcant difference between vBMD measurements of the
4- and 12-week control groups (PO 0.05) for any of the
compartments examined. ANOVA [Table III(c)] indicated
that mean compartmental vBMD had decreased at 4 and 8
weeks post-ACLT, but returned to control values at 12
weeks post-ACLT (Fig. 6). Tukey’s HSD analysis indicated
a statistically signiﬁcant decrease in vBMD in the LFC
between control and 8-week ACLT groups, and between
the 4- and 8-week ACLT groups. In the MFC, there was
a statistically signiﬁcant reduction in vBMD between control
and 4-week ACLT groups, and between control and 8-week
ACLT groups. In the LTP and MTP, there was a statistically
signiﬁcant decrease in vBMD between control and 8-week
ACLT groups, and between 4- and 8-week ACLT groups. In
both the femur and tibia, the trend of decreasing vBMD
reversed itself at 8 weeks, as indicated by a statistically
signiﬁcant increase in vBMD in both medial and lateral
compartments between the 8- and 12-week ACLT groups.
Changes in vBMD were not strongly correlated with
macroscopic cartilage evaluation of the femorotibial joint
(rZ0.35, P! 0.0001).
Osteophyte volume
Osteophytes were not present in any of the control
specimens, but were visible in all ACL transected animals
as presented in Fig. 7, which depicts single coronal image
Table III
Summary of ANOVA for macroscopic cartilage evaluation (a), MRI
cartilage evaluation (b), and vBMD measurement (c) for each of the
four compartments studied
Compartment F P r2
(a) Macroscopic
LFC 7.11 !0.0005 0.52
MFC 16.78 !0.0001 0.72
LTP 10.64 !0.0001 0.62
MTP 9.53 !0.0001 0.59
(b) MRI
LFC 3.93 !0.05 0.38
MFC 6.98 !0.001 0.52
LTP 4.08 !0.05 0.39
MTP 4.34 !0.01 0.40
(c) vBMD
LFC 19.75 !0.0001 0.75
MFC 35.52 !0.0001 0.85
LTP 16.37 !0.0001 0.72
MTP 19.86 !0.0001 0.75sections and corresponding volume rendered data from
control, 4-, 8-, and 12-week ACLT specimens. Mean
osteophyte volume (mm3), standard error, and range were
determined from micro-CT analysis at 4 weeks
(36.6G 14.3, 8.3e93.8), 8 weeks (47.4G 11.2,
19.9e106.0), and 12 weeks (40.6G 9.2, 3.4e84.9) post-
ACLT (Fig. 8). A KruskaleWallis test revealed a signiﬁcant
change in osteophyte development with time post-surgery
(HZ 20.75, PZ 0.0004). Speciﬁcally, Dunn’s multiple
comparison analysis indicated a statistically signiﬁcant
difference in osteophyte volume between controls and
8-week ACLT groups, and between controls and 12-week
ACLT groups. No signiﬁcant differences in osteophyte
volume were detected between controls and 4-week ACLT
groups.
Discussion
This study has characterized bone and articular cartilage
lesions in the rabbit ACLT model of OA using combined,
high-resolution 3-D imaging techniques: 4-T MRI and micro-
CT. The rabbit ACLT model of OA demonstrated pro-
gressive changes in cartilage integrity, subchondral bone
mineral density, BV/TV, and osteophyte volume at 4, 8, and
12 weeks post-surgery. Degenerative changes in articular
cartilage were easily deﬁnable upon macroscopic evalua-
tion, and both cartilage ﬁbrillation and full-thickness erosion
were visible as early as 4 weeks post-surgery in some of
these adult rabbits. Degenerative changes were quite
variable between animals at any evaluation time-point,
indicating that biologic differences exist between animals in
this surgically induced model of osteoarthritis.
MRI investigations of cartilage degeneration in surgically
induced osteoarthritic joints in rabbits are few23,25,26. Calvo
et al.26 sequentially assessed cartilage thickness in the
rabbit partial-meniscectomy model of OA with high-resolu-
tion MRI at 0, 2, 4, 6, 8, and 12 weeks post-surgery, and
macroscopically assessed joint changes at 6 and 10 weeks
post-surgery. They detected articular cartilage swelling
upon MRI evaluation at 4, 6, and 8 weeks post-surgery,
and cartilage eburnation, pitting, and superﬁcial erosions
upon macroscopic assessment at 6 weeks post-surgery;
however, the correlation between MRI evaluation of
cartilage changes and macroscopic assessment of cartilage
was not determined in this study.
A more recent investigation by Wachsmuth et al.25 used
contrast-enhanced 7.1-T MRI to examine joint pathology in
two surgically induced rabbit models of OA (ACLT and
medial meniscectomy) at 0, 2, 4, and 8 weeks post-surgery.
Articular cartilage changes were studied using 2-D and 3-D
gradient echo sequences, and 2-D MRI ﬁndings were
compared with macroscopic evaluation to determine the
sensitivity of contrast-enhanced MRI to diagnose cartilage
lesions in these animal models. Wachsmuth et al. wereTable IV
Summary of compartmental cartilage evaluation (meanG S.E.M.) using 4-T MRI at 4, 8, and 12 weeks post-ACLT. Control specimens were
evaluated at 4 and 12 weeks
Compartment MRI cartilage grade (1e6) in the femorotibial joint
4-Week control (NZ 5) 4-Week ACLT (NZ 6) 8-Week ACLT (NZ 7) 12-Week ACLT (NZ 8) 12-Week control (NZ 5)
LFC 1.0G 0 2.5G 0.7 3.6G 0.9 4.0G 0.7 1.0G 0
MFC 1.0G 0 3.2G 0.9 5.0G 0.7 4.3G 0.7 1.0G 0
LTP 1.0G 0 1.3G 0.3 2.1G 0.7 3.6G 0.7 1.0G 0
MTP 1.0G 0 2.7G 0.8 3.3G 0.8 4.0G 0.6 1.0G 0
991Osteoarthritis and Cartilage Vol. 12, No. 12Fig. 3. Left column (A, C, E, G): macroscopic assessment of femorotibial cartilage grade in control, 4-, 8-, and 12-week ACLT specimens.
ANOVA values presented as meanG S.E.M. for all four compartments (LFC, MFC, LTP, and MTP). Control 4-week was not statistically different
from Control 12-week. Control vs 4-week ACLT *P! 0.01, Control vs 8-week ACLT yP! 0.01, Control vs 8-week ACLT yyP! 0.001, Control
vs 12-week ACLT zP! 0.01, Control vs 12-week ACLT zzP! 0.001, 4-week vs 8-week ACLT #P! 0.05, 4-week vs 12-week ACLT
##P! 0.01. Right column (B, D, F, H): MRI evaluation of femorotibial cartilage grade in control, 4-, 8-, and 12-week ACLT specimens. ANOVA
values presented as meanG S.E.M. for all four compartments (LFC, MFC, LTP, and MTP). Control 4-week was not statistically different from
Control 12-week. Control vs 12-week ACLT *P! 0.05, Control vs 8-week ACLT zP! 0.01, 4-week ACLT vs 12-week ACLT yP! 0.05.
(Please note that control animals were not studied at the 8-week time-point.)
992 D. L. Batiste et al.: Imaging cartilage and bone lesionsFig. 4. Sagittal MRI slices (aed) at various time-points depicting progressive cartilage lesions from 4 to 12 weeks post-ACLT. Rectangular
inset (eeh) magniﬁed to clearly illustrate femoral lesions (arrows indicate extent of lesion).unable to reliably detect cartilage lesions using MRI, with
only cartilage erosion and full-thickness ulceration being
diagnosed in some animals (8% sensitivity). From this
study, they concluded that insufﬁcient spatial resolution and
image contrast of the applied 2-D protocols limited the
sensitivity and prohibited detection of articular cartilage
contour abnormalities.
In contrast to the ﬁndings of Wachsmuth et al. using
contrast-enhanced 7.1-T MRI, we have previously demon-
strated that 4-T MRI can detect what are considered to be
clinically signiﬁcant cartilage lesions (ﬁbrillation or erosion
of cartilage, grade R 3) in the rabbit ACLT joint with 78.3%
sensitivity and 95.3% speciﬁcity23. Using previously opti-
mized imaging protocols in the current study, MRI evalua-
tion of the rabbit femorotibial joint detected cartilage
ﬁbrillation and full-thickness erosion as early as 4 weeks
post-ACLT, and demonstrated progressive deterioration of
cartilage with time post-surgery. More importantly, these
cartilage changes observed using MRI demonstrated
a strong correlation with macroscopic joint evaluation
(rZ 0.82, P! 0.0001).
In the past, cartilage has proven difﬁcult to evaluate
accurately with MRI due to limits in spatial resolution. This
problem becomes intensiﬁed in evaluations of animal
models of OA, since cartilage represents such a thin layer
Fig. 5. Scatterplot of bone volume fraction (BV/TV) as a function of
volumetric bone mineral density (vBMD).of material relative to the voxel size that is typically used for
MRI. The present study addressed this difﬁculty by imaging
at high ﬁeld strength (4-T) and utilizing specialized in-house
RF coils to reduce noise. However, our speciﬁcation that
imaging acquisition protocols must be of a realistic duration
for future in vivo investigations limited the resolution
attained in the present study to about 0.2 mm, making
correlation with histology difﬁcult. Correlation between MRI
and histological evaluation of femorotibial cartilage in
surgically induced osteoarthritic joints in rabbits may be
possible by applying similar imaging acquisition protocols to
those used in the present study at higher ﬁeld strengths,
such as 7- or 9-T. Several MRI investigations of human
cartilage38e42 have demonstrated the feasibility and accu-
racy of performing volumetric and thickness measurements
as a method to quantitatively evaluate degeneration and
disease progression. While such measurements are in-
herently more difﬁcult in animal models due to the relatively
thin layer of cartilage and limited spatial resolution, a recent
study by Tessier et al.27 has demonstrated that it is possible
to quantify cartilage volume in the guinea pig. Although the
methods to perform such an analysis were beyond the
scope of this study, the MRI acquisition protocol imple-
mented here generated volumetric data sets that should be
well suited for evaluation of cartilage thickness and volume.
A ﬁnal and obvious limitation of the present study was the
employment of ex vivo imaging techniques for the charac-
terization of degenerative joint lesions, which partially
restricts the extrapolation of our ﬁndings to live animals.
All imaging protocols used in this study, however, were
designed to be suitable for future in vivo investigations,
including a realistic duration for a complete investigation
using both MRI and micro-CT23.
This study is the ﬁrst to evaluate vBMD in the rabbit ACLT
model of OA. Upon micro-CT examination, the rabbit
femorotibial joint demonstrated a decrease in vBMD at 4
and 8 weeks post-ACLT, which returned to control values at
12 weeks post-ACLT. These changes were most pro-
nounced in the femur and in the medial compartments.
Similar decreases in vBMD have been observed in various
regions of the canine femorotibial joint as early as 3 weeks
post-ACLT, and this bone loss progressed to include the
entire joint at 12-weeks35. Our results are consistent with
the results of other investigations reporting cancellous bone
loss (BV/TV, BMD in gm cm2) in animal models of surgically
induced OA31,34,35. However, this study adds that vBMD in
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Descriptive statistics for compartmental vBMD (meanG S.E.M.) at 4, 8, and 12 weeks post-ACLT. Control specimens were evaluated at 4
and 12 weeks
Compartment vBMD (gm cm3) in the femorotibial joint
4-Week control (NZ 5) 4-Week ACLT (NZ 6) 8-Week ACLT (NZ 7) 12-Week ACLT (NZ 8) 12-Week control (NZ 5)
LFC 0.466G 0.009 0.420G 0.005 0.348G 0.026 0.518G 0.011 0.470G 0.008
MFC 0.549G 0.013 0.472G 0.006 0.389G 0.012 0.528G 0.015 0.541G 0.009
LTP 0.541G 0.009 0.499G 0.011 0.395G 0.016 0.565G 0.024 0.534G 0.004
MTP 0.579G 0.007 0.509G 0.009 0.418G 0.021 0.585G 0.020 0.575G 0.009the rabbit ACLT model decreases dramatically (w30%
reduction) after surgery, and unlike these investigations in
other animal models, this reduction in vBMD returns to
control values at 12 weeks post-surgery.
Interestingly, the cartilage grades observed after ACL
transection did not correlate strongly with changes in vBMD
or subchondral sclerosis as shown in clinical investiga-
tions43e45. On the contrary, cartilage changes in this animal
model progressed despite a bone mineral density that was
below normal. These results are in agreement with Boyd
et al.32, and further support that subchondral bone changes
in surgically induced animal models of OA occur in two
stages: a decrease in cancellous BMD in the early stage,
followed by an increase in subchondral plate thickness in
the later stage, and these changes occur concurrently with
cartilage degeneration. The present study suggests that the
decreases in cancellous BMD of the distal femur and
proximal tibia were most likely caused by altered loading
patterns, resulting from articular instability and limb misuse.
Joints affected by OA are also characterized by the
production of new connective tissue in the form of
osteophytes at the joint margins46. Osteophyte formationhas been interpreted as an adaptation of the joint to the
altered biomechanics, and has been found to limit joint
movement and represent a source of joint pain47,48.
Conventional radiography continues to be the primary
imaging technique used to evaluate the severity and
progression of osteophytes in osteoarthritic joints. This
modality, however, is limited by its 2-D nature, which
causes overlying structures to be superimposed and
therefore interfere with visibility or confuse anatomy. In
addition, projection radiography results in geometric distor-
tion and magniﬁcation that can complicate efforts to acquire
accurate morphologic measurements. Furthermore, the
measurement of osteophytes at post-mortem evaluation in
animal models is difﬁcult because of their 3-D structure and
the fact that they may project above or below the joint
surface, thus leading only to estimates of osteophyte size.
To our knowledge, this study incorporates the ﬁrst
application of a 3-dimensional method to quantitatively
assess osteophytic bone growth and characterize osteo-
phyte development. Figure 7 presents micro-CT slices from
femorotibial joints examined at each time-point, and the
corresponding rendered volume from which osteophyteFig. 6. Micro-CT analysis of vBMD at various time-points. ANOVA values presented as meanG S.E.M. for LFC, MFC, LTP, and MTP. Control vs
4-week ACLT yP! 0.001, Control vs 8-week ACLT yyP! 0.001, 4-week vs 8-week ACLT *P! 0.05, 4-week vs 8-week ACLT **P! 0.01,
4-week vs 12-week ACLT #P! 0.05, 4-week vs 12-week ACLT ##P! 0.001, 8-week vs 12-week ACLT zP! 0.001.
994 D. L. Batiste et al.: Imaging cartilage and bone lesionsFig. 7. Coronal micro-CT slices (aed) at various time-points depicting osteophyte development. Volume rendered micro-CT (eeh) clearly
illustrates osteophyte volume (red) and irregular bone surface contour.volume was quantiﬁed. The accuracy of this volumetric
assessment is based on the validity of our assumption that
newly formed osteophytic regions exhibit reduced BMD, as
shown in [Fig. 1(b)], and thus can be distinguished from the
underlying normal bone contour when evaluated using
micro-CT. Although there was substantial biologic variability
with respect to osteophyte volume across the time-points
evaluated, a statistically signiﬁcant difference in osteophyte
volume was detected between the control and the 8-week
ACLT groups, as well as the control and the 12-week ACLT
groups. Osteophytes were present in all ACL transected
animals and were absent from all control animals; however,
a statistically signiﬁcant difference in osteophyte volume
was not detected between the control and the 4-week ACLT
groups. This was the result of a very large standard error
observed in the 4-week ACLT group.
The inter-specimen variability observed here emphasizes
the importance of acquiring 3-D information to localize and
quantify new bone growth, since both location and size of
osteophytes are important considerations when determining
Fig. 8. Micro-CT analysis of osteophyte volume at various time-
points. ANOVA values presented as meanG S.E.M. for combined
femur and tibia (*P! 0.05).OA-related disability. Furthermore, quantitative determina-
tion of osteophyte volume will permit evaluation of
therapeutic effects on osteophyte production in animal
models of OA.
Transection of the ACL leads to a progressive de-
generative arthritis in the rabbit femorotibial joint, which
was comprehensively characterized using advanced, non-
invasive 3-D imaging techniques. High-ﬁeld MRI and micro-
CT demonstrated deterioration of articular cartilage and
subchondral bone, as well as osteophyte formation at
various time-points post-ACLT. The imaging protocols used
in this study have been designed such that they can be
implemented during future longitudinal investigations in live
animals, to determine a response to therapy and assess the
beneﬁt of such interventions before they proceed to clinical
trials.
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